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Abstract: The self-interstitial atoms in silicon generated by the bulk surface oxidation diffuse into the bulk inside and affect the 
phenomena such as the diffusions and the stacking faults. The generation rate of self-interstitials (Rgen) depends on the ω power of the 
oxidation film growth rate dX0/dt. The physical quantity ω is important to understand the material science relevant to self-interstitials 
in the silicon crystal. However, the conclusive ω value is not reported, although various ω values to control the generation rate have 
been used. In the present study, the chemical reaction equation is analytically solved, and using the result, the oxidation stacking fault 
radius (r) is analytically expressed against the oxidation time (t). Comparing the obtained relation of r=r(t) with the experimental 
results of the stacking faults, the analytical expression of ω is determined and the physical meaning of ω is clarified. Furthermore, the 
temperature dependence of ω is also numerically determined. 
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1 Introduction 
 
The silicon crystal is a rare material in which the 
solid density is smaller than the liquid one. Therefore, 
vacancies and self-interstitials, so-called the intrinsic 
point defects, are generated during the crystal growth and 
they are also thermally generated or annihilated as the 
Frenkel defects in the bulk. It is widely accepted that the 
self-interstitials are generated at the Si-SiO2 interface, 
and that a part of the generated self-interstitials cause the 
oxidation film regrowth and the others diffuse into the 
bulk inside. The experimental results reveal that the 
oxidation stacking faults (OSF) are induced in the bulk 
by these self-interstitials [1−2], and also that they affect 
the enhanced and retarded diffusions (OED and ORD) of 
the substitutional impurity diffusions in silicon [1,3−4]. 
Therefore, the intrinsic point defects play a dominant 
role in the silicon crystal because the impurity diffusion 
process and the surface oxidation process are 
indispensable in the silicon semiconductor device 
fabrication. 
In the silicon semiconductor device fabrication, the 
trend of the small scale and the highly integrated circuit 
is still proceeding rapidly. However, even the thermal 
equilibrium concentrations of the intrinsic point defects 
in silicon as well as their diffusivities, which are 
fundamentally dominant physical quantities in the silicon 
science, are not understood well in the present situation. 
It is, therefore, meaningful for the silicon science to 
investigate behavior of the self-interstitials generated at 
the Si-SiO2 interface in relation to the OSF growth rate. 
The Deal and Grove model shows that the oxidation 
film thickness X0 grows according to the linear law in the 
small oxidation time 0<t<tp and after then the parabolic 
law is valid in the large time tp<t [5]. In the time range of 
tp<t, the oxidation film thickness is expressed as  
X0=At1/2                                                   (1)  
where A is a constant [5]. 
In accordance with the trend of the silicon device 
mentioned above, the oxidation ultra thin film in the 
initial stage was actively investigated by many 
researchers. It was thus reported that most of the self- 
interstitials in the initial stage are captured by the 
oxidation film [6−10]. After then, the oxidation film 
growth is governed by the parabolic law and a part of the 
generated self-interstitials diffuse into the bulk inside. 
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The aim of the present study is to investigate 
behavior of self-interstitials in the silicon crystal. 
Therefore, we investigate the oxidation film growth in 
such oxidation time range as the parabolic law is valid, 
although recently the oxidation ultra thin film is mainly 
investigated by many researchers. 
In general, the OSF radius grows by the 
self-interstitial capture and it shrinks by the vacancy 
capture. In the present time range, self-interstitials are in 
the supersaturated state whereas vacancies are in the 
undersaturated state, since it is widely accepted that the 
local equilibrium is valid between self-interstitials and 
vacancies in the silicon crystal. The OSF radius is thus 
affected by self-interstitials generated at the Si-SiO2 
interface in the present time range. 
As shown in Fig.1, the OSF growth is almost linear 
on the (lnt, lnr) plane for tS≤t≤tE [11−12]. Using the OSF 
experimental results, the analytical expression of ω is 
obtained and at the same time the physical meaning of ω 
is clarified. And also the temperature dependence of ω is 
numerically derived using the experimental results. As a 
result, it was found that the ω values previously assumed 
and used are approximately reasonable according to the 
used temperature. 
 
 
Fig.1 Curve of lnr of OSF growth against lnt (r: OSF radius, t: 
oxidation time) 
 
2 Basic equation 
 
As mentioned above, it is thought that the self- 
interstitials generated by the surface oxidation affect the 
various physical phenomena in the bulk inside. These 
self-interstitials are generated in accordance with the 
generation rate Rgen expressed as  
Rgen=K(ΩdX0/dt)ω                                (2)  
where K, Ω and ω are a chemical reaction constant, the 
unit operator and a physical value, respectively [12]. In 
order to understand the phenomena relevant to OED, 
ORD and OSF, we must clarify the behavior of Rgen. 
However, the conclusive ω value, which is extremely 
important to determine Rgen, has not been reported, 
although various ω values have been used [13−14, 
18−19]. In the present study, we theoretically determine 
the expression of ω by comparing the obtained equation 
of the OSF radius with the experimental OSF radius at 
the absolute temperature T. 
A part of the supersaturated self-interstitials 
generated by the surface oxidation contribute to the 
oxidation film regrowth and others diffuse into the bulk 
inside. Here, the regrowth rate of the oxidation film Rreg 
at the Si-SiO2 interface and the precipitation rate of 
self-interstitials Rppt are expressed as  
Rreg=πρkaDIΨ                                                (3)  
Rppt=4π2rρsDIΨ                                                (4)  
where ρk, a, DI, r and ρs are the surface density of kink, 
the capture radius of self-interstitials by kink, the 
diffusion coefficient of self-interstitials, the dislocation 
loop radius around the OSF and the OSF density in the 
bulk, respectively [12]. In Eqs.(3) and (4), using the 
self-interstitial concentration CI and its thermal 
equilibrium value ,eqIC
eq
II CC −=Ψ  denotes the 
supersaturated concentration of self-interstitials. 
Refs.[14−15] show that the relation of tP<tE is valid 
in Fig.1. Therefore, we investigate the oxidation film 
growth and the OSF growth between tS≤t≤tE. 
Furthermore, we adopt CI and the vacancy concentration 
CV in the bulk in which the space dependence is 
neglected. In other words, behavior of CI averaged in the 
space coordinate is investigated with respect to t. 
Substituting Eqs.(1)−(4) into the chemical reaction 
equation [9] given by 
 
pptreggen
I /)(
d
d RWRR
t
C −−=  
 
the differential equation for Ψ is obtained as 
 
2/)(
d
d ωαγβ −=Ψ++Ψ tr
t
                              (5) 
In Eq.(5), α=K(ΩA/2)ω/W, β=πρkaDI/W and γ= 
4π2ρsDI. In the present oxidation time range, Eqs.(3) and 
(4) show that the effect of Rreg on dCI/dt is larger than 
that of Rppt because of r≤ρka/(4πρsW). Eq.(5) can thus be 
rewritten as  
2/
d
d ωαβ −=Ψ+Ψ t
t
                                        (6) 
 
neglecting the effect of Rppt on dCI/dt. The general 
solution of Eq.(6) is obtained as 
2/
0
e ωβ ββ
αθ −
=
− ∑ ⎟⎟⎠
⎞
⎜⎜⎝
⎛−+=Ψ tD
n
k
k
t               (7) 
where D and θ are the differential operator dD/dt and an 
integral constant. The second term of Eq.(7) is a 
particular solution. It is reported that the case of n=0 
satisfies Eq.(6) [17]. In the present study, the case of n=1 
is adopted as an approximate equation. Under the initial 
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condition of Ψ=ΨS at tS=1, Eq.(7) is rewritten as  
⎥⎦
⎤⎢⎣
⎡ ++⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−= −−−− 12/2/)1(
22
1e ωωβ β
ω
β
ω
β
αΨ ttht    (8) 
 
where h=(β/α)ΨS. If t is sufficiently large, Eq.(8) is 
furthermore rewritten as 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ += −−− 12/2/
2
ωω
β
ω
β
αΨ tt                        (9) 
 
by neglecting the first term of Eq.(8). 
It is thought in the present time range that the 
self-interstitial concentration in the bulk is in the 
supersaturated state whereas self-interstitials in the bulk 
inside are captured by the vacancies. In other words, 
vacancies are in the undersaturated state because of the 
local equilibrium between CI and CV. Since the vacancy 
effect on the OSF is thus neglected, we use the 
relationship of the OSF growth rate given by  
ΨI20πd
d Da
t
r =                                               (10) 
 
where a0 is the volume of the toroid within the distance 
of r [1]. 
Using Eqs.(9) and (10) obtained here, the analytical 
expression of ω is derived from the relation of the OSF 
growth, and the temperature dependence of ω is 
numerically obtained in the following section. 
 
3 Analytical method 
 
Substituting Eq.(9) into Eq.(10), the OSF growth 
rate is expressed as 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ += −−− 12/2/I20 2πd
d ωω
β
ω
β
α ttDa
t
r . 
 
Integrating the above equation, the OSF radius r is 
obtained as 
 
δβωβ
α ωω +⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−=
−− 2/2/1
I
2
0
1
2
2
π ttDar   ( 11 ) 
 
where δ is an integral constant. As can be seen from 
Fig.1, δ=0 is physically valid according to the behavior 
of Eq.(11) at a large oxidation time. If t is sufficiently 
large, Eq.(11) is thus approximately rewritten as  
( ) 2/1I
2
0
2
π2 ω
ωβ
α −
−= t
Dar                                              (12) 
 
The logarithm of Eq.(12) is expressed as  
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
−+−= ωβ
αω
2
π2lnln)
2
1(ln I
2
0 Datr                     (13) 
On the other hand, the OSF radius becomes 
approximately linear on the (lnt, lnr) plane for tS≤t≤tE in 
Fig.1. This line shows that the relationship of 
 
Htr lnlnln +=η                                       (14) 
 
is valid. Here, η and H are a gradient of the line and a 
constant. By comparing Eq.(13) with Eq.(14), the 
relationship of 
 
ω=2(1−η)                                                      (15) 
 
is obtained. The η value is obtained from the analysis of 
the experimental data. Here, the physical meaning of ω is 
apparent in relation to η in Eq.(14). 
The T dependence of ω is shown in Fig.2, applying 
Eq.(15) to the experimental data [13]. As shown in Fig.2, 
the ω profile is approximately parabolic against T. The ω 
value gradually becomes large in accordance with the 
temperature increase between 0.3≤ω≤0.8. As shown in 
Fig.2, the ω values previously assumed and used are 
approximately reasonable according to the used 
temperature. 
 
 
Fig.2 Temperature dependence of ω value (ω: a physical 
parameter; T: temperature) 
 
4 Conclusion and discussion 
 
In the silicon semiconductor device fabrication 
process, the impurity diffusion process and the surface 
oxidation process are indispensable. It is widely accepted 
that the substitutional impurity diffusion and the OSF 
growth are governed by self-interstitials as well as 
vacancies in silicon, and also that self-interstitials are 
generated by the bulk surface oxidation and they diffuse 
into the bilk inside. Therefore, self-interstitials play an 
important role for the material characteristic of the 
silicon crystal and we must understand the behavior of 
self-interstitials in silicon. However, behavior of the 
intrinsic point defects in the silicon crystal is not 
understood well. For example, even their thermal 
equilibrium concentrations as well as their diffusivities, 
which are fundamentally dominant quantities in the 
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silicon science, are not understood well in the present 
situation. The study of the self-interstitials in the bulk is 
thus still important for the silicon materials science. 
Recently, the study on the oxidation ultra thin film 
is actively performed. On the other hand, the 
investigations in such oxidation time range as the 
parabolic law is valid are hardly reported. In the past, the 
various ω values between 0.3<ω<1 in Eq.(2), neglecting 
the T dependence, were previously assumed and used by 
many researchers [13−14, 18−19]. However, the quantity 
ω has not been physically clarified. Therefore, the 
problem concerning the self-interstitial generation is not 
still solved. In order to understand behavior of 
self-interstitials in silicon, the determination of the ω 
value is thus important for controlling the generation of 
self-interstitials. 
In order to solve the problem mentioned above, we 
clarified the meaning of ω as seen from Eq.(15) and also 
the T dependence was numerically obtained in the 
present study. Fig.2 shows that the ω value is 
approximately 0.3−0.8 in accordance with the temperature. 
As shown in Fig.2, we must take account of the T 
dependence of ω when we use the ω value. As a result, 
the ω values previously assumed and used are 
approximately reasonable according to the used 
temperature. 
The physical quantity ω controls the generation rate 
of self-interstitials caused by the surface oxidation. The 
ω value is thus extremely dominant in the silicon science. 
In this meaning, the present result will be useful for 
understanding behavior concerning self-interstitials in 
silicon. 
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